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JET-PLUME-INDUCED FLOW SEPARATION ON 

AXISYMMETRIC BODIES AT MACH NUMBERS 

OF 3.00, 4.50, AND 6.00 

By Robert J. McGhee 
Langley Research Center 

SUMMARY 

Some effects of jet-plume-induced flow separation have been investigated at f ree-  
stream Mach numbers of 3.00. 4.50, and 6.00 on several axisymmetric bodies with vari-  
ous forebody and afterbody geometries. Schlieren photographs were obtained for  a wide 
range of jet-pressure ratjos (ratios of jet-exit static pressure to free-stream static 
pressure) for an angle-of-attack range from about 0' to 13'. In addition, surface- 
pressure data for one configuration with a conical forebody and a cylindrical afterbody 
were measured in the separated-flow region for an angle-of-attack range from about -6' 
to 8'. Most of the present tes t s  were conducted at free-stream Reynolds numbers per 
meter of 6.90 X IO6 and 3.60 X lo6 for free-stream Mach numbers of 3.00 and 6.00, 
respectively. 

The investigation showed that increasing the jet-pressure ratio resulted in boundary- 
layer separation over large regions of the test  models at free-stream Mach numbers of 
4.50 and 6.00. Only small amounts of flow separation occurred at a free-stream Mach 
number of 3.00 for which the test jet-pressure ratios were considerably smaller than 
those for the higher Mach numbers. The separation angle measured at an angle of attack 
of 0' showed a primary dependency on jet-pressure ratio and w a s  a weak function of 
model geometry. The separation length measured along the model surfaces w a s  a func- 
tion of both jet-pressure ratio and model geometry. Increasing the angle of attack 
resulted in decreases in both separation angle and separation length on the windward sur -  
face of the models. This result may be partially due to local Reynolds number changes, 
which cause changes in the type of separation. The local-surface-pressure coefficients 
in  the separated-flow region compared reasonably wel l  with the theoretical inviscid values 
f o r  a cone at high jet-pressure ratios. 

INTRODUCTION 

Flight at high altitudes and high Mach numbers often causes rocket-motor nozzles 
to exhaust at static pressures  much greater than the ambient pressure.  For even 



moderate underexpansion, large billowing exhaust plumes result and may promote 
boundary-layer separation as well as high surface heating and large local loads from flow 
impingement upon adjacent surfaces. If ionized exhaust gases  a r e  involved, the plumes 
may attenuate radio waves. Some investigations of these problem areas have been con- 
ducted and the results a r e  reported in  references 1 to 4. Reference 1 shows that jet- 
plume-induced flow separation has a significant effect on the aerodynamic forces and 
moments of axisymmetric bodies. 
and static stability a r e  shown for a free-stream Mach number of 6.00. 

Significant decreases in  normal-force-curve slopes 

In an attempt to obtain improved knowledge of jet-plume-induced separation phenom- 
ena, the present investigation has been conducted on several axisymmetric bodies with 
various forebody and afterbody geometries. Schlieren photographs were obtained for a 
wide range of jet-pressure ratios and several Mach numbers. In addition, one configu- 
ration with a conical forebody and a cylindrical afterbody w a s  instrumented with four 
surface-pressure orifices to measure the separation-induced pressures  on the model 
caused by the underexpanded exhaust-nozzle flow. A supersonic exhaust nozzle w a s  used 
with compressed gaseous nitrogen to obtain the jet plume. 

The investigation w a s  conducted in a 2-foot hypersonic facility at the Langley 
Research Center. For most of the present tests, the Reynolds numbers per meter were 
approximately 6.90 x lo6 and 3.60 X lo6 at free-stream Mach numbers of 3.00 and 
6.00, respectively. The angle of attack w a s  varied from about -6' to 13'. 

cP 

d 

IS 

SYMBOLS 

pressure coefficient, "("- 1) 
yMW2 PW 

diameter of centerbody, 3.04 centimeters 

separation length based on schlieren measurements, distance from separation 
point to model base 

total model length 

Mach number 

static pressure 

dynamic pressure 



R Reynolds number per meter 

X longitudinal coordinate 

Y lateral coordinate 

x/d orifice location in body diameters (see fig. 4) 

a! angle of attack 

Y ra t io  of specific heats 

separation angle based on schlieren measurements (see fig. 6) OS 

Subscripts: 

j jet -exit condition, calculated from ideal one-dimensional nozzle flow 

0 condition at beginning of interaction 

r condition at reattachment 

00 free -stream condition 

APPARATUS AND TESTS 

Models 

The general arrangement of a typical model is shown in  figure 1, which i l lustrates 
the sting and nozzle assembly. Each configuration consisted of a cylindrical centerbody 
to which were attached a forebody and an afterbody. Details of the model components 
and the supersonic nozzle are shown in  figures 2 and 3, respectively, and configuration 
designations are identified in  table I. 

cone, and a 15' half-angle cone. The afterbodies consisted of a 20' flare,  a straight 
cylinder, and a cylindrical body with four fins having 30' sweptback leading edges. (See 
fig. 2.) The cylindrical centerbody had a length-diameter ratio of 2.83. 

The forebodies consisted of an  ogive with a nose radius of 0.10 cm, a 30' half-angle 

The model support sting, a hollow steel tube, allowed the gaseous nitrogen from the 
supply tank to be emptied through louvers into the settling chamber of the nozzle. The 
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supersonic nozzle was designed as an  annular nozzle because only the outer plume 
boundary was simulated. Allowance was made in  the nozzle design for the presence of 
we center support sting. The nozzle had an area ratio (ratio of exit area to throat a rea)  
of 2.07, a calculated exit Mach number of 2.24, and a divergence angle (17'57') which 
approximated that for a representative rocket engine. Cold gaseous nitrogen at approxi- 
mately local atmospheric temperature w a s  used to obtain the exhaust plume. 

Stagnation 
Mm temperature, OK 

Wind Tunnel 

Stagnation Static Reynolds number 
pressure,  kN/m2 pressure,  kN/m2 per meter 

The tes ts  were conducted in a 2-foot hypersonic facility at the Langley Research 
Center. This wind tunnel, described in  reference 5, is an ejector-type facility which 
provides continuous flow at high Mach numbers and low densities. The average test con- 
ditions for the present investigation a r e  shown in the following table: 

3.00 311 
4.50 422 

100 2.31 6.90 X lo6 
144 .57 3.08 

6.00 

Nitrogen Supply 

High-pressure gaseous nitrogen w a s  generated by pumping liquid nitrogen to the 
required storage pressure and converting it from liquid to gas in a steam-actuated heat 
exchanger. The high-pressure gaseous nitrogen w a s  then stored in  a tank f a rm with a 
capacity of 22.65 m3. Suitable pressure-reducing and pressure-regulating valves were 
remotely controlled to obtain the nitrogen gas  pressure in  a manifold outside the test 
section which, in turn, fed the nozzle plenum chamber in  the model. Once the correct  
pressure was  obtained in the manifold, a quick-acting guillotine valve was employed to 
initiate and terminate the flow to the nozzle. 

422 319 .20 3.60 

Instrumentation 

Four static-pressure orifices (0.15 cm in diameter) were located on the cylindrical 
centerbody of configuration 1 in the plane of symmetry as shown in figure 4. Simultan- 
eous measurements of pressures  at the four orifices, as well as the nozzle plenum pres-  
sure,  were obtained from absolute-pressure-measuring transducers. Data were obtained 
by a high-speed data-acquisition system and recorded on magnetic tape. Schlieren 
photographs were taken with the use  of a 2-psec flash from a xenon light source in  order  
to make a visual study of the jet-plume-induced separation phenomenon. 



Tests  and Accuracy 

Schlieren photographs were obtained at free-stream Mach numbers of 3.00, 4.50, 
and 6.00 for  an angle-of-attack range from about 0' to 13'. Local-surface-pressure 
data (p/p,) were obtained fo r  configuration 1 at Mach numbers of 3.00 and 6.00 for an  
angle-of-attack range f rom about -6' to 8'. The jet-pressure ratio p. p, varied from 
jet off to about 330 at M, = 3.00 and from jet off to about 4700 at M, = 6.00. All data 
were obtained with the model smooth; that is, no boundary-layer transition s t r ips  were 
used. At the Reynoids numbers of these tests, laminar flow w a s  considered to exist over 
the entire model at jet-off conditions. 

31 

The ratios p p, and p/pm quoted herein are estimated to be accurate within 
j/ 

*2 percent. The Mach number in  the region of the test models was accurate within *0.04. 
Angle-of -attack values are estimated to be accurate within *0.lo. 

RESULTS AND DISCUSSION 

The results of this investigation have been arranged to illustrate the jet-plume- 
induced flow field which resul ts  from underexpanded rocket-motor nozzles operating at 
free-stream Mach numbers of 3.00, 4.50, and 6.00. Figures 5 and 6 illustrate separation 
characterist ics for an axisymmetric flow field. Schlieren photographs of the flow fields 
with and without jet pluming for  the configurations of the present investigation are given 
in  figures 7 to 11, and the local-surface-pressure data for configuration 1 are presented 
in  figure 12. Figures 13 to 15 show the effect of a n  increase in jet-pressure ratio (an 
increase in  the s ize  of the jet plume) on separation angle and length. Figure 16 compares 
the pressure coefficients for configuration 1 with the inviscid values for  a wedge and 
cone. 

Boundary -Layer Separation Characteristics 

The analysis of reference 6 has shown that fo r  a two-dimensional laminar boundary- 
layer separation, the pressure in the separated region is a function of Mo, M,, and 
Reynolds number (that is, whether the flow between separation and reattachment is lam- 
inar, transitional, or turbulent). For the present investigation, changes in model fore- 
body and afterbody geometry as well as the presence of a large jet plume would apparently 
affect the flow conditions. Sketches and schlieren photographs of the flow fields for a 
cone-cylinder configuration with separation induced by a jet plume are shown in figure 6. 
Figure 5 compares the boundary -layer separation characterist ics for a cone-cylinder- 
flare configuration with those for  a cone-cylinder configuration with a plume. 



Effect of Jet-Pressure Ratio and Angle of Attack 

Surface pressures.  - The local surface pressures  measured for configuration 1 at 
.M, = 3.00 and 6.00 a r e  presented in figure 12 in  t e r m s  of p/p, as a function of jet- 
pressure ratio p. p, and angle of attack a!. At M, = 3.00 the local surface pres-  
sures  were essentially independent of p. p, and therefore indicates essentially no flow 
separation at the location of the pressure orifices (see fig. 12(a)), although the schlieren 
photographs indicate some separation for the higher values of p p,. At M, = 6.00 
greater values of p. p, were obtainable than at M, = 3.00, and the local surface pres-  
sures  increased as p. p, w a s  increased (see figs. 12(b) and 12(c)). This increase in  
surface pressures resulted from an  increase in the extent of separation as the size of 
the jet plume increased. The larger  jet plumes may change the conditions at reattach- 
ment and the type of separation; the flow may become transitional at the higher values of 
p. p,. Increasing the model angle of attack in  the presence of large jet plumes resulted 
in  a decrease in the extent of flow separation on the windward side of the models and an 
increase on the leeward side. However, increasing the angle of attack also changes the 
local Reynolds number, and thus the decrease in the extent of flow separation on the 
windward side of the model could result partially from changes in  the type of separation. 

8, is shown in  figure 13 as a function of 
pj/q, and pj/p, for the test configurations at a! = 0' and M, = 4.50 and 6.00. In 
figure 14, Os is shown as a function of p p, for the test configurations at a! = 4' 
and 8' and M, = 4.50 and 6.00. Values of 
photographs as shown in figure 6. At zero angle of attack (fig. 13), the separation angle 
w a s  affected only slightly by model geometry and showed a primary dependency on jet- 
pressure ratio. Values of 8, increased to a maximum of approximately 13' at 
pj/p, = 4500. Increases in angle of attack (see fig. 14) decreased 8, on the windward 
surface and increased 8, on the leeward surface as p. p, w a s  increased. 

w a s  affected only slightly by model geometry 
for  a! = Oo, separation length 2, w a s  dependent on model geometry. The separation 
length was measured along the model surface from the model base to the point where 
the shock from the separated region intersected the body. The data of figure 15 for 
M, = 4.50 and 6.00 show that as p. p, was increased, the separation length along 
the body surfaces increase and approach the shoulder (forebody-centerbody juncture) 
for  each conical-forebody configuration. The shoulders for configurations 1, 4, and 5 
are located at ZS/L = 0.70, and the shoulder for configuration 2 is at ZS/L = 0.84. The 
ogive-forebody-cylinder junction of configuration 3 is located at ZS/L = 0.65. The 
favorable effect of angle of attack in  decreasing on the windward side of the models 
for M, = 4.50 and 6.00 is also indicated. As previously mentioned, the extent of flow 
separation depends on whether the separation is laminar or transitional. Changes in  

J/ 
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J /  

3 /  

Separation angle.- The separation angle 

j/ 
Os were measured from the schlieren 

Jl 
Separation length.- Although 8, 

J/ 

2, 
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either model geometry o r  angle of attack, as well as the presence of the large jet plumes, 
could affect the type of separation. The various afterbodies of this investigation had 
small effects on 2, as pj/p, w a s  increased because of the predominate effects of the 
large jet plumes on the flow field. 

Surface - Pre s s u r  e Coefficient 

Figure 16 presents the pressure coefficient Cp for  configuratibm 1 at E, = 6.QG 
and a! = 0' as a function of flow-deflection angle. Separation angles measured from the 
schlieren photographs were used as the flow -deflection angles for  the experimental data. 
Theoretical values of the inviscid pressure coefficients for  a wedge and a cone were cal-  
culated by using reference 7 and are presented for comparison. A correction of 1.5' 
has been applied to all experimental values of Os to account for  the boundary-layer 
growth rate at jet-off conditions (measured from fig. 7(b)) and to make the values of Cp 
comparable with the inviscid values from reference 7. At the smaller flow-deflection 
angles, corresponding to low values of p. p,, the experimental data fall below the theo- 
retical inviscid values for a cone; however, at the larger  flow-deflection angles, corre-  
sponding to  high values of p. p,, the experimental values of Cp correlate with the 
theoretical cone values. 

J/ 
11 

CONCLUDING REMARKS 

Some effects of jet-plume-induced flow separation have been investigated at free-  
s t ream h c h  numbers of 3.00, 4.50, and 6.00 on several axisymmetric bodies with vari-  
ous forebody and afterbody geometries. Schlieren photographs were obtained for a wide 
range of jet-pressure ratios (ratios of jet-exit static pressure to free-stream static 
pressure) for an  angle-of-attack range from about 0' to 13'. In addition, surface- 
pressure data for one configuration with a conical forebody and a cylindrical afterbody 
were measured in  the separated-flow region for an  angle-of-attack range from about -6' 
to  8'. Most of the present tests were conducted at f ree-s t ream Reynolds numbers per 
meter of 6.90 X lo6 and 3.60 X lo6 for free-stream Mach numbers of 3.00 and 6.00, 
respectively. 

As the size of the jet plume was increased by increasing the jet-pressure ratio, 
boundary-layer separation occurred over large regions of the test models at free-stream 
Mach numbers of 4.50 and 6.00. Only small amounts of flow separation occurred at a 
free-stream Mach number of 3.00 for  which the test jet-pressure ratios were consider- 
ably smaller than those for  the higher Mach numbers. The separation angle measured 
at an angle of attack of 0' showed a primary dependency on jet-pressure ratio and was 
a weak function of model geometry. The separation length measured along the model 
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'surfaces was a function of both jet-pressure ratio and model geometry. Increases in  
angle of attack in the presence of jet pluming resulted in  decreases in  both separation 
angle and separation length on the windward surface of the models. This result  may be 
partially due to local Reynolds number changes, which cause changes in the type of sepa- 
ration. The local-surface-pressure coefficients in  the separated-flow region compared 
reasonably well with the theoretical inviscid values for a cone at high jet-pressure ratios. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Hampton, Va., May 5, 1970. 
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TABLE 1.- CONFIGURATION IDENTIFICATION 

Figure 

7, 12, 13, 14, 15, 16 

8, 13, 14, 15 

9, 13, 14, 15 

10, 13, 14, 15 

11, 13, 14, 15 

Configuration For  ebody 

15' half -angle cone 

30' half -angle cone 

Ogive 

15' half -angle cone 

15' half-angle cone 

Afterbody 

Cylinder 

Cylinder 

Cylinder 

Flare 

Fin 
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J e t  o f f  

16 

(a) M,= 3.00; a = 6. 

Figure 7.- Schlieren photographs for configuration 1. 
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(c) M,= 6.00; a = 4' 

Figure 7.- Continued. 
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(c) Concluded. L-70- 1647 

Figure 7.- Concluded. 

19 



J e t  o f f  P j / p a = I  I 7  

(a) M,= 3.00. 

- 1 -  

J e t  o f f  P j/ p m = I  40 

(b) M,= 4.50. 

p j/ p m = l  278 

(cl M,= 6.00. 

Figure 8.- Schlieren photographs for configuration 2. a = 0'. L-70- 1648 
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J e t  o f f  P j/p,=51 

(a) M,= 3.00; a = 0'. 

Figure 9.- Schlieren photographs for configuration 3. 
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J e t  o f f  
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(b) MOo= 6.00; a = 8'. 

Figure 9.- Concluded. 
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J e t  o f f  

(a) M-= 3.00; a = 0'. 

Figure 10.- Schlieren photographs for configuration 4. 
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(b) M,= 6.00; a = 4'. 

Figure 10.- Continued. 

L-70-1652 

.24 

I 



L-* 1 
I 

Jet o f f  

1 

M,= 6.00; a = 13'. 

Figure 10.- Concluded. 
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Figure 12.- Variation of p/p, with p@, and a for configuration 1. 
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Figure 12.- Concluded. 
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(a)  a = 0'. 

Figure 15.- Variation of Zs/L with p. 
,Pw* 
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0x103 

(b) a = 4'. (Plain symbols represent leeward side; flagged symbols, windward side.) 

Figure 13.- Continued. 
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(cl a = 8'. (Plain symbols represent leeward side; flagged symbols, windward side.) 

Figure 15.- Concluded. 
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